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Abstract 
Microrolling is an advanced manufacturing process for the mass production of miniaturized components. At the micrometer scale, 
small deviation in material thickness or roll misalignment may significantly alter pressure distribution across the product, resulting 
in variations in the imprinted texture dimension. An embedded sensing method has been developed to monitor the pressure 
distribution across the workpiece. A key component of the sensing method is a pressure retrieving algorithm that determines 
deformation across the roll structure from a limited number of sensing points and converts the data subsequently into pressure 
distribution, based on the theories of interpolation and back-projection.  In this paper, a combination of interpolation (Bezier Curve, 
Thin Plate Spline, and Kriging) and Tikhonov regularization have been used to resolve the inverse problem.  
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1. Introduction 
Nowadays ultra-thin foils with miniaturized textures 
are widely used as electrodes and contacts in health care 
and bio-medical engineering for improving the quality of 
people’s life [1]. Dimension of the foils are in the scale 
of millimeter, while the scale of textures are usually in 
the scale of 1 ȝm to 100 ȝm. For example, an ultra-thin 
metal sheet, 45 ȝm thick × 1.55 mm cross with channels 
on its surface, is used in biomedical devices for critical 
sensing signaling and device control. In mass 
production, the textured metal foils are produced by the 
rolling process during which the raw metal foil is feed 
into the gap between two rolls, one of which or both is 
pre-textured. When the two rolls are driven by the 
motors, the metal sheet is pulled into the gap 
continuously and formed by the textured roll(s).  
As the dimension of textures is far more smaller than 
the traditional rolling techniques (mm level), accurately 
monitoring and controlling the forming pressure applied 
on the workpiece becomes a critical issue for improving 
the quality of micro-rolling products. Although the 
traditional sensors and sensing techniques can be 
installed in both ends of rolls, they are unable to measure 
the pressure distribution along the whole rolling zone. In 
these years, many embedded sensors have been used to 
measure the pressure distribution along the rolling zone. 
Lupoi and Osman [2] applied pressure sensitive pin to 
measure the pressure distribution during metal forming. 
Henningsen et al. [3] used portal frame sensor to 
measure normal and frictional forces in rolling process. 
Dellah et al. [4] developed a Strain-Gauged Diaphragm 
sensor to study shear force and normal force of rolling 
process. These sensors have two common features: 
firstly, those rolls in traditional roller have a diameter of 
600 – 1400 mm; secondly, these sensors must contact 
with workpiece directly. However, forming rolls of the 
new micro-rolling system have much smaller diameters 
of 28-66 mm. In addition, during micro-rolling process, 
sensors can’t directly contact with the surface of metal 
sheet, or it can decrease the accuracy and even damage 
the product. To satisfy the requirements, a capacitive 
embedded sensor has been designed and developed [5]. 
The sensor monitors the contact pressure by measuring 
deformation of roll through a series of electrodes at 
distance beneath the roll surface. The deformation was 
represented by the inter-electrode capacitance values that 
are measurable by the embedded electronic circuitry. 
When the embedded sensors are installed, the number of 
sensors is limited by the narrow space of forming roll in 
micro-rolling system. Consequently, the solution of 
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pressure distribution is insufficiently constrained to 
achieve a unique solution. To solve this problem, 
mathematical methods have been investigated in the 
recent studies. Afraites et al. [6] used Kriging method to 
determine the feature shape from an experimental 
ellipsometric signature and found that estimation error is 
less than 8%. Sah et al. [7] addressed the inverse 
problem of pressure distribution by Tikhonov 
regularization and applied Kriging method to reconstruct 
the pressure distribution. Chen et al. [8] avoided ill-
posed problem of DEM construction by the combination 
of Thin Plate Splines and Orthogonal Least Squares 
method. In this paper, three interpolation methods, 
Kriging, TPS, and Bezier, are combined with Tikhonov 
regularization to improve the accuracy of inverse 
problem of pressure distribution. 
In this paper, a pressure retrieval algorithm for the 
embedded sensing technique was developed by 
combining together the interpolation (Bezier Curve, 
Thin Plate Spline, and Kriging) and backprojection 
(Tikhonov regularization) techniques, to enrich the 
number of usable data and correlate the physics between 
the forming pressure and measured capacitance values, 
respectively. Section 2 describes the principle of 
embedded sensor and the pressure distribution retrieval. 
Section 3 introduces three interpolation methods and 
their mathematical forms. In Section 4, the Tickhonov 
regularization (TR) method was discussed. In the final 
section, the algorithms were tested using the simulation 
results to find the combination that achieves minimum 
measurement error. The results were concluded in 
section 5.  
2. Sensing Principle 
The embedded sensor is designed based on the 
Microrolling test rig developed by Northwestern 
University. The test rig is equipped with one texture roll 
(ĭ28 x 36 mm) and a flat roll (ĭ66 x 36mm) to form 
microchannels on the workpiece. To install the 
embedded sensors, four sensor mounting holes (ĭ10 
mm) were drilled in the flat roll every 90º, as shown in 
Fig. 1. Each of the embedded sensors consists of a 
ceramic sensing rod and a series of electrodes attached 
to the surface. The excitation electrode is attached to and 
insulated from the inner surface of the sensor mounting 
hole, which is drilled along the axial direction of the roll. 
The excitation and receiving electrodes are separated by 
a layer of plastic film coated on the receiving electrodes. 
Thus, when the sensing rod is inserted into the hole, a 
series of capacitors C1, C2, …, CN are formed along the 
roll surface (N = 8). During the rolling process, when the 
sensing rod passes the roll-workpiece contact zone, the 
pressure applied across the roll surface deforms the roll 
and consequently, the excitation electrode to different 
degrees, depending on the stiffness of the dielectric 
layer, the roll, and the sensing rod, respectively. Such a 
difference is represented by the deformation of the 
dielectric layer thickness, Di, at the location of receiving 
electrode #i, which ultimately results in an increase of 
the capacitance value Ci,  expressed as: 
0 /i r iC A Dε ε=                                    (1) 
where İ0 and İr are the permittivity of vacuum and 
relative permittivity of the dielectric material (Plastic), 
respectively, and A is the area of the electrode. As a 
result, the measured capacitance value can be expressed 
as a function of the spatial pressure distribution on the 
roll surface. An increase in the pressure causes an 
associated capacitance increase, and vice versa. By 
repeating this approach and embedding multiple sensors 
along the roll circumference, a two dimensional pressure 
map for a processed workpiece can be established.  
 
 
Fig. 1. Prototype sensor installed with flat roll 
 
3. Interpolation Algorithms 
To reconstruct the pressure distribution from the 
measured capacitance, three interpolation methods, 
Kriging, Thin Plate Spline (TPS), and Bezier Curve, 
have been used to increase the number of data point for 
creating a full-rank of data for the capacitance-pressure 
conversion. The measured capacitance data can be 
expressed in the form, {xi, yi}, where xi is relative 
location of electrode #i along the axial direction of roll 
and yi is corresponding measured capacitance value.  
3.1. Kriging  
Kriging refers to a series of geostatisical techniques 
to interpolate the value, ܼሺݔ଴ሻ, of a random field, ܼሺݔሻ, 
at an unobserved area by observing these values at 
nearby locations. Based on the two requirements of 
Kriging method, unbiasedness condition and least 
variance condition, the Ordinary Kriging equation 
system can be expressed as [9]: 
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where c(xi, yi) is the covariance function. The 
coefficients Ȧi and ȝ can be determined by solving linear 
equation system of Ordinary Kriging: 
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3.2.  Thin Plate Spline (TPS) 
TPS method fits a real valued function f(x) by a radial 
basis function s(x), given the set of values ݂ ൌ
ሺ ଵ݂ǡ ǥ ǡ ே݂ሻ at the distinct points, ሼݔ௜ǡ ݕ௜ሽ, i = 1, …, N, by 
minimizing the following energy function [10]: 
ܧ ൌ ׭ሾቀడమ௙డ௫మቁ
ଶ
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ଶ
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For a smooth TPS, it is expressed as: 
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The smoothing TPS is defined as: 
௧݂௣௦ ൌ ܽݎ݃݉݅݊௙ ܧ௧௣௦    (6) 
Thus, if a set of control points {xi, yi} is determined, 
TPS can be expressed as a linear equation system: 
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where A is the cefficient vector of polynomial p(x); Ai,j 
(components of A),  vectors f and Q are expressed as: 
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3.3.  Bezier Curve 
Bezier Curve is a parametric curve used in computer 
graphics to model smooth curves. A Bezier curve is 
defined by a set of control points P0 through PN, where n 
is called the order of Bezier curve. A Bezier curve starts 
at P0 and ends at PN, while the intermediate control 
points generally do not lie on the curve [11]. The nth-
order Bezier Curve can be expressed as: 
ܤሺݐሻ ൌ σ ቀܰ݅ ቁ
ே௜ୀ଴ ሺͳ െ ݐሻேି௜ݐ௜ሺݔ௜ǡ ݕ௜ሻǡ ݐ א ሾͲǡͳሿ   (11) 
where ቀܰ݅ ቁ are the binomial coefficients expressed as: 
ቀܰ݅ ቁ ൌ
ேǨ
௜Ǩሺேି௜ሻǨ                                  (12)  
4. Backprojection Algorithm 
Given that the deformation of the roll is much smaller 
than the dimension of the roll structure, it can be 
assumed that each of the measured capacitance values, 
Ci, (i = 1,2,…N), is a linear function of the pressure 
applied on the roll surface, Pj, (j = 1, 2,…M), as shown 
in the lower right corner of Fig. 2. 
 
Fig. 2. Numerical model of Flat Roll 
ǣ
 S pλ = ⋅    (13) 
where S is the Jacobian matrix of Ȝ vs. p, and p = [P1, 
P2,… PM] is the normalized pressure. Equation (13) 
manifests the “forward” problem, where Ȝ = [Ȝ1, Ȝ2,… 
ȜN] is the capacitance vector and each Ȝ component is 
normalized by the sum of all the capacitance values 
measured under full load, CiF, when P1 = P2 = ... = PM = 
1, and those measured at zero load state, CiZ, when P1 = 
P2 = ... = PM =0, following the expression that Ȝi = (Ci - 
CiZ)/(CiF - CiZ). Considering S as the linear mapping 
from the permittivity vector space onto the capacitance 
vector space, ST can be considered as mapping in the 
reversed direction, from capacitance to permittivity.  
Accordingly, the approximate solution for p is expressed 
as: 
ˆ
Tp S λ= ⋅    (14) 
To minimize the error caused by ST,
 
regularization 
methods such as Tikhonov regularization have been 
developed for the solution of ill-posed inverse problems 
[12]. The general form of the Tikhonov regularization 
for solving the pressure distribution in Eq. (3) is given 
by: 
2 21
min( ( )ˆ )
2
Sp I p pλ α− + −   (15) 
where ݌Ƹ  is the estimated solution from prior 
information, Į is the regularization factor, and 
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2( )ˆI p pα −  represents a constraint. Choosing ݌Ƹ  as 0 
and I as an identity matrix yields the standard Tikhonov 
solution [12-13], where the pressure distribution is 
expressed as: 
1)ˆ ( T Tp S S I Sα λ−= +    (16)
In the presented study, the sensitivity matrix is 
calculated numerically, as shown in Fig. 3. The sensing 
area on the roll surface was divided into 30 unit regions 
(M = 30). The simulated sensing rod being installed with 
an embedding depth of 2 mm, is 36 mm long and has a 
diameter of 9.8 mm. The width of the electrodes is 3.5 
mm. Eight of these electrodes (N = 8) are evenly 
distributed along the roll. From Eq. (3), it is seen that the 
sensitivity matrix has a dimension of 8x30. Each row of 
this matrix is calculated in the simulation model, and 
plotted in Fig. 3 (a). For combining with the capacitance 
values from the interpolation method, additional 
sensitivity map is calculated by increasing the number of 
capacitance values to 30. Thus, as shown in Fig. 3(b), 
dimension of the corresponding sensitivity matrix is 
expanded to 30x30.  
 
(a) 8 30 Normalized sensitivity matrix 
 
(b) 3 30 Normalized sensitivity matrix 
 
Fig. 3. Normalized sensitivity matrix 
5. Simulation and Discussion 
Five interpolation-backprojection combinations were 
considered as candidates for the pressure retrieving 
algorithm:  
• Kriging + TR 
• TPS + TR 
• Bezier + TR 
• TR only 
To evaluate and compare the accuracy of the 
combinations, four case studies with considering 
different pressure load on the roll surface are designed, 
as listed in Table 1. Based on the fact that pressure 
distribution is continuous across the workpiece, the set 
pressure distribution was assumed as sinusoidal 
functions. Case #1 and #2 aim to test the sensor response 
when there is unbalanced pressure distribution being 
loaded on the roll, while Case #3 and #4 tested the 
balanced pressure distribution. As a result, the simulated 
capacitance between the sensing and excitation 
electrodes shows the similar trend as the set pressure 
distribution, as shown in Fig. 4. The simulated 
capacitance values are used as inputs of each candidate 
combination. The retrieved pressure is then compared 
with the set pressure distribution to evaluate the 
accuracy.  
Table 1. Load applied the axis direction of on roll 
 Pressure (MPa) 
Case 1 p(x)=200+100sin2ʌx,  0  x  1 
Case 2 p(x)=200+100cos2ʌx,  0  x  1 
Case 3 p(x)=200+100sinʌx,  0  x  1 
Case 4 p(x)=200, 0  x  1 
 
 
                              (a)  Case 1                                (b) Case 2 
 
                              (c) Case 3                                 (d) Case 4 
Fig. 4. Capacitance increment in four cases 
Retrieved pressure distribution from each of the 
investigated combinations was shown and compared in 
Fig. 5. The section covered by the sensing electrodes is 
defined as the portion between the middle point of 
electrode #1 and that of electrode #8 along the roll. In 
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the discussion, the data out of this section was not 
considered because it is not effective covered by the 
sensing electrodes.   
 
 
(a) &DVH 
 
 
(b) &DVH 
  
(c) &DVH 
 
(d) &DVH 
Fig. 5. Pressure retrieved by different algorithms in the four cases 
It is seen from all the four cases that, without 
interpolation, the backprojection method by itself (TR 
only) has largest error among the candidates as 
compared with the set pressure distribution, due to the 
estimation error induced by the insufficient inputs in 
solving the ill-posed problem. On the other hand, it 
indicates that the interpolation method helps to reduce 
the estimation error by increasing the number of inputs 
to the backprojection algorithm, and consequently 
increases the pressure retrieval accuracy. By comparing 
the three methods combing interpolation and 
backprojection (Kriging + TR, TPS + TR, and Bazier + 
TR), it can be seen that all three retrieved pressure 
curves in the four case studies matches well with the set 
pressure. This is confirmed by the calculated average 
error shown in Fig. 6. All the three combinations have an 
average error below 4%, (11% for TR only), while the 
Kriging method achieves the lowest average error of less 
than 3%. 
 
 
 Fig. 6. Error of different combinations 
 
6. Conclusion 
This paper presented the design of a pressure 
retrieving algorithm for the embedded sensors to 
monitor the pressure distribution across the roll and 
workpiece during Microrolling process. The algorithm 
combines interpolation (Bezier Curve, Thin Plate Spline, 
and Kriging) and Tikhonov regularization methods to 
convert the limited number of measured capacitance 
values into continuous pressure distribution. The 
different combinations were tested and quantitatively 
evaluated in four case studies through numerical 
simulations. It is seen from the results that the 
combination of interpolation method and backprojection 
method reduces the average pressure retrieving error by 
7% as compared with the case where only 
backprojection is applied. The combination of Kriging 
and TR achieves the best accuracy. This work will be 
continued to study the mathematical and physical factors 
that determine the pressure retrieving error, for the 
systematical, design, selection, and optimization of the 
pressure retrieving algorithm.  
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